Abstract-Significant opportunities are emerging for optical interconnections at the board, module, and chip level if compact, low loss, high data rate optical interconnections can be integrated into these electrical interconnection systems. This paper describes an integration process for creating optical interconnections which can be integrated in a postprocessing format onto standard boards, modules, and integrated circuits. These optical interconnections utilize active thin-film optoelectronic components embedded in waveguides, which are integrated onto or into the interconnection substrate, thus providing an electrical output on the substrate from an optical interconnection. These embedded optical interconnections are reported herein using BCB (Benzocyclobutene) polymer optical waveguides in two different formats, as well as a third waveguide structure using a BCB cladding with an Ultem core. All of these waveguides were fabricated with InGaAs-based thin-film inverted metal-semiconductor-metal (I-MSM) photodetectors embedded in the waveguide layer, thus eliminating the need for beam turning elements at the output of the waveguide. These embedded interconnections have been fabricated and tested, and the coupling efficiency of the optical signals from the waveguides to the embedded photodetectors was estimated from these measurements. These measurement-based estimates are then compared to theoretical models of the coupling efficiency. Using the theoretical coupling efficiency model, variable coupling can be engineered into the interconnect design, thus enabling partial coupling for arrays of photodetectors embedded in waveguide interconnections.
I. INTRODUCTION AND MOTIVATION
A S ELECTRONIC system aggregate data rates rise and the size decreases, conventional electrical interconnections face multiple challenges at the board, module, and chip level. Tradeoffs between power consumption, area, and signal integrity (jitter, delay, skew) must be evaluated in high performance electrical interconnection systems. Both innovative architectural and design approaches, and technological innovation at the physical layer level play important roles in improving interconnection performance. For example, innovative designs, such as equalization [1] and advanced signaling techniques [2] , coupled with improvements in silicon integrated circuit (Si IC) technology, have provided many of the gains in system performance to date. However, physical limitations will ultimately force technology changes at the physical layer if performance gains are to continue well into the future. Many quantitative comparisons of interconnection performance have been published discussing electrical and optical interconnections [3] - [7] , and the question of how to integrate optical interconnections into an electrical interconnection system is a topic of currently intensive study. Optical interconnect approaches include free space interconnects with diffractive optical elements [8] , silicon optical bench interconnects [9] , and guided wave interconnections, including substrate guided mode interconnects [10] , fiber optic waveguides [11] , and integrated waveguides [12] . Summary articles on this topic are available in the literature [7] . This paper will focus upon waveguide optical interconnections, which are integrated directly onto electrical interconnection package media such as boards and modules, and directly onto integrated circuits.
Electrical boards, modules, and integrated circuits are essentially planar, and thus, a planar waveguide optical interconnection scheme matches the electrical systems from a topographical standpoint. There are a variety of approaches to the partitioning of optical and electrical signals in a mixed electrical/optical interconnection system. Figs. 1(a) and 2(a) illustrate two of the basic partitioning options: 1) turn the optical beam out of the substrate into the optoelectronic active device [ Fig. 1(a) ]; or 2) keep the optical beam confined to the substrate, and embed the active optoelectronic device in the substrate [ Fig. 2(a) ]. Optical beams can be turned 90 degree using mirrors or gratings, and can be turned into either optical/optoelectronic devices [ Fig. 1(a) ], or onto optoelectronic integrated circuits (OEICs) [ Fig. 2(a) ], which may contain a combination of active and passive optical/optoelectronic devices and circuitry. By employing diffractive optical elements, such as preferential gratings, high coupling efficiency and limited spectral selectivity can be achieved [13] . As illustrated in Fig. 1(b) and (c), to emit or detect this outcoupled beam means that the active optoelectronic device must operate facing the board/module/chip, in a flip chip orientation [as shown in Fig. 1(b) ] or as a flip chip OEIC [14] , as shown in Fig. 1(c) . Drawbacks to this approach include the alignment constraints of the optical beam and decrease in coupling efficiency as the photodetectors decrease in size with increasing data rates.
An alternative approach is to have the optical signals originate and/or terminate in the waveguide directly on the board/module/chip, without optical beam turning. Fig. 2 illustrates some of the options for embedding a detector in a waveguide, including embedding in the core [ Fig. 2(d) and (e)], and in the cladding [ Fig. 2 (f) and (g)]. Optical interconnections with integrated waveguides and OE devices in the substrate and epilayers [12] , [15] - [19] have been reported in compound semiconductors, such as InP-based materials, with reported Coupling with an optical beam turning element, such as a diffractive optical element or micromirror; (b) waveguide with a beam turning element which produces a surface normal optical output beam detected by a bumped OE active device, with a Si interface integrated circuit wirebonded onto the electrical interconnection substrate; (c) waveguide with a beam turning element which produces a surface normal optical output beam detected by a bumped OEIC, with an active thin-film OE device integrated directly onto the Si interface integrated circuit.
high coupling efficiency and monolithic integration. However, the use of polymer waveguides and low cost epoxy and polymer substrates is of great interest for optical interconnections in electrical interconnection systems, and hence the particular emphasis upon polymer waveguides for low cost optical interconnection which are process compatible with current board, module, and integrated circuit technology. Polymer waveguides integrated onto Si [18] or GaAs [19] , [20] electrical interconnection substrates which have photodetectors fabricated in the substrate, thus creating embedded waveguide interconnections, have been demonstrated. However, this approach does not accommodate epoxy and polymer substrates. An alternative embedded waveguide approach utilizes thin-film OE devices (with the OE device growth substrate removed), which can be bonded to any host substrate, including polymer and epoxy boards such as FR4. The polymer waveguide material can then be deposited directly onto the thin-film active OE devices, which are thus embedded directly into the waveguide, as illustrated in Fig. 2(d) and (e), or embedded in the cladding, as in Fig. 2 (f) and (g).
This embedded optoelectronic waveguide interconnection technology for OE devices gives the interconnect designer the option to create an optical interconnection on the board/module/chip which has exclusively electrical inputs and/or outputs (but can have, at the designer's option, optical inputs/outputs as well). To realize a planar optical interconnect with an embedded source, one type of optical input which can be implemented is embedded thin-film edge emitting lasers (at wavelengths including 850, 980, 1300, and 1550 nm) which emit directly into the waveguide structure. Vertical cavity surface emitting lasers as optical signal sources necessitate the use of beam turning elements (note that the embedded thin-film OE device technology described in this paper can also be applied to GaAs-based devices such as photodetectors (PDs) [21] ). Implementing these types of planar lightwave circuit (PLC) optical interconnections with embedded emitters and detectors may eliminate the need for optical beam turning elements which route the beam perpendicular to the surface of the board/module/chip, and reduces waveguide to active OE device optical alignment to an assembly step with sequentially aligned masking steps, which mimics integrated circuit fabrication. In addition, the integration of additional PLC passive and further active embedded devices opens multiplexing and optical signal processing options for more complex microsystems. The electrical interface circuits can be connected directly to the embedded active OE devices, as shown in Fig. 2 (b) and (c), through either wire bonding or bump bonding (as rising data rates preclude wire bonding), respectively, or through the electrical interconnection substrate lines. The assembly tradeoff that is inherent in the embedded optical waveguide interconnection is that the OE active devices are bonded directly to the substrate rather than bumped to the substrate. To minimize the impact of introducing optical interconnections into electrical interconnection substrates, the embedded OE waveguide interconnections can be integrated onto a fabricated electrical interconnection substrate through postprocessing. To enhance yield, at the board/module level, the optical interconnections can be electrically tested before chipset integration. This paper describes the integration of independently optimized waveguides, embedded thin-film PDs, and a standard Si substrate that can be used as an interconnection substrate. The integration processes described herein are also being applied to high temperature epoxy FR4 boards. Presented herein are the integration processes and measurement results for the integration of a thin-film InGaAs PD embedded in two configurations of Benzocyclobutene (BCB) polymer waveguides integrated onto a Si interconnection substrate, as shown in Fig. 2(d) and (e), and an Ultem (core)/BCB (clad) polymer waveguide integrated onto a Si interconnection substrate, as shown in Fig. 2(f) . The use of thin-film ( 1-m-thick) PDs (with the OE device growth substrate removed) enables the PDs to be bonded and electrically connected to the Si interconnection substrate and embedded in the polymer optical waveguides. Because these PDs are embedded in the waveguide, the optical signal can be coupled from the waveguide into the PD without the use of beam turning elements. Thus, the optical signal is confined to the substrate, and electrical signals from the PD are the output. A receiver can then be wire bonded or flip chip bonded to the PD, as shown in Fig. 2 (b) and (c), converting the PD output signal into a standard electrical signal. Using this technology, the thin-film OE devices, optical waveguides, and electrical interconnection media can be optimized separately for optimal mixed optical and electrical signal distribution for board, module, and chip level interconnections.
Three of the structures introduced in Fig. 2 (d)-(f) have been fabricated, and the optical coupling efficiency estimated through measurement. Theoretical models of the coupling efficiency for these different structures have also been developed, and a comparison between theory and experiment for the three structures is presented herein. Finally, these models are used to explore more optimized structures for the photodetectors used herein, and more optimal coupling efficiencies from these theoretical models are discussed.
II. FABRICATION OF PHOTODETECTORS EMBEDDED IN WAVEGUIDES USING THREE DIFFERENT INTEGRATION STRUCTURES
Thin-film photodetectors have been embedded in three different waveguide structures, one embedded in the cladding below the waveguide, and two embedded in the waveguide core: one in the bottom of the waveguide core, and two inside the waveguide core. To implement these embedded photodetector optical interconnections, three components were integrated together to form the interconnection: the photodetector, the optical waveguide, and the interconnection substrate.
The inverted metal-semiconductor-metal (I-MSM) photodetectors were independently grown, fabricated, and subsequently bonded to the metal contact pads on the interconnection substrate. The as-grown MSM material was InP-InGaAs (2000 Å stop etch layer)-Al In As (400 Å cap layer)-Al In As graded to In Ga As (600 Å)-In Ga As (0.74-m-thick absorbing layer)-In Ga As graded to Al In As (600 Å)-Al In As (400 Å cap layer). Interdigitated 40-Å Pt/350-Å Ti/400-Å Pt/2500-Å Au Schottky fingers 100 m long with 2-m finger width and 2-m finger spacing were patterned on a 100 m 150 m detection area. By using the Pt diffusion barrier [22] on the MSM, the Schottky contacts are not degraded by the waveguide thermal process, and as a result, the dark current is not degraded by the waveguide integration process. Next, each MSM device was mesa etched down to the InP growth substrate using citric : H O (10 : 1). The MSM mesas were protected with Apiezon W and immersed in HCl to selectively remove the InP substrate, stopping at the InGaAs layer [23] . The thin-film MSM mesa devices in the Apiezon W wax were then bonded to a mylar transfer diaphragm. The Apiezon W was dissolved with trichloroethylene, leaving the thin-film MSM PD devices bonded to the mylar transfer diaphragm. The final thickness of the MSM thin-film devices was 0.9 m.
When the MSMs are bonded to the interconnection substrate, they are inverted, thus forming I-MSMs. I-MSMs have a higher surface normal responsivity than conventional MSMs since the finger shadowing is eliminated [23] - [25] . MSMs have larger area per unit capacitance than PIN devices at the same speed (for frequencies over approximately 500 MHz), which make them attractive for high speed operation in waveguide interconnection system. For example, transimpedance amplifier interface circuits (TIAs) operate with limited input capacitance from PDs, and, as speeds rise, PD areas decrease. Thus, to ensure adequate input signal to the TIA, large area (i.e., more coupled signal), low capacitance PDs are essential. At very high data rates (100 Gb/s), the coupling efficiency will be limited by the waveguide/PD interaction length, so maximizing PD size for a given capacitance is essential. An optimized interconnect integration using I-MSMs and polymer optical waveguides can offer high speed, high responsivity operation with large area PDs coupled with low capacitance.
Next, the Si interconnection substrates were prepared for the integration of the optical interconnect. For the first integration structure, as shown in Fig. 2(d) , a 3-m layer of SiO was deposited onto the Si substrate using plasma enhanced chemical vapor deposition (PECVD). Electrical contact pads of Ti-Au (400 Å/5000 Å) were deposited and patterned on this substrate. For the second integration structure, as shown in Fig. 2(e) , the thin-film MSM photodetector was bonded on top of a 1-m BCB core layer, which is on top of a 3-m layer of SiO deposited using PECVD. The 1-m-thick BCB core layer was spin coated onto the SiO , followed by a cure at 240 C for 1 h. Again, electrical contact pads of Ti-Au (400 Å/5000 Å) were deposited and patterned on this substrate. The third integration structure [ Fig. 2 (f)] process starts with depositing electrical contact pads of Ti-Au (400 Å/5000 Å) on a 3 m SiO optical buffer layer on a Si substrate.
Next, for all three samples, thin-film MSMs were transferred onto the metallized contact pads on the Si substrate, and subsequent waveguide layers were deposited. The MSMs were transferred using a mylar transfer diaphragm [24] , [25] , and were bonded to metallized pads on the substrates, thus inverting the MSM photodetector (creating the I-MSM). This metal (I-MSM pad) to metal (Si substrate pad) bond is an electrically conducting, mechanically stable bond formed using a low temperature thermal anneal of 10 minutes at 150 C, which was performed after the device was bonded to the contact pads. The waveguide fabrication process was then continued to embed the photodetector in a BCB waveguide [as in Fig. 2(d) and (e)], and in a BCB cladding with an Ultem core [as in Fig. 2(f) ]. For Fig. 2(d) , BCB (Cyclotene 3022-57) was spin coated onto the I-MSM/SiO /Si substrate at 5000 rpm for 30 s and cured to create the waveguide core layer, resulting in a thickness of 6 m. To minimize additional loss due to the surface step caused by the 0.9-m-thick I-MSM PD, the BCB core layer was chemi-mechanically polished (CMP) using Rodel 3116B and deionized water. The abrasive used for the slurry was 0.05-m Al O . The final thickness and surface roughness of the core layer were 4.3 m, and 600 Å, respectively, as measured by a profilometer. For the structure shown in Fig. 2(e) , the integration process started with spin coating a 6-m-thick BCB layer onto the I-MSM/BCB/SiO /Si sample. The total thickness of the BCB core layer (including the layer under the I-MSM) was 7 m thick. After the CMP, the final core (BCB) thickness was 6.3 m. The 3-m-thick SiO layer was used as a waveguide cladding layer for the two integration structures shown in Fig. 2(d) and (e). For the third integration process [in Fig. 2(f) ], the 2.4 m thick BCB was spin coated onto the I-MSM/SiO /Si sample to form the cladding layer, and was cured. Then the sample was chemically-mechanically polished, as in the previous samples, to a thickness of 1.2 m (which left 0.2 m of BCB between the PD and the Ultem core). Then a 1.8-m-thick Ultem layer was spin coated onto the BCB to create the waveguide core layer. For all three planar waveguide samples, a 100-m-wide channel were patterned using a thick photoresist mask and SF /O reactive ion etching. The width of the fabricated waveguide was designed to match the detection area (100 m 150 m) of the embedded I-MSM PD to maximize the coupling efficiency from the waveguide to the embedded I-MSM PD. There are several reasons behind the selection of the size of the PD. First, typical board manufacturers utilize 4 mil lines (100 microns) for board fabrication, and this first demonstration was focused upon not high-speed performance, but upon a demonstration of a technology which is integrable with current board manufacturing technology, as this research is designed for transfer to printed wiring boards such as high temperature FR4. A second reason was to demonstrate a high coupling efficiency for this first demonstration. In future research, we plan to refine the structure and size of the waveguide/PD design to optimize for coupling efficiency as a function of interconnect bandwidth.
Photomicrographs of the fabricated I-MSM PDs embedded in the fabricated polymer waveguides on the Si substrates are shown in Figs. 3(a) , 4(a), and 5(a). The two direct coupling integration structures (BCB/PD/SiO /Si, and BCB/PD/BCB/SiO /Si) are shown in Figs. 3(a) and 4(a), respectively. In Fig. 5(a) , the embedded detector in the cladding (BCB) for the Ultem/BCB/PD/SiO /Si structure is shown. For all three embedded structures, the dimensions of the fabricated thin-film I-MSM PDs and the contact pads on the substrates were the same.
III. CHARACTERIZATION OF THE I-MSM PDS EMBEDDED IN THE POLYMER WAVEGUIDES
The I-MSM dark current and photoresponse were measured before and after waveguide integration. The dark current and photoresponse of the I-MSMs were measured using a Keithley 238 source measurement unit to measure the output current of the I-MSMs. A single-mode pigtailed laser diode fiber output was connected to a 62.5 m multimode fiber, and this was used as the optical input for the surface normal I-MSM responsivity measurements. The measured optical output power from the pigtailed laser diode was 1.5 mW at a wavelength of 1.3 m. The I-MSM surface normal responsivity was measured before the waveguide was integrated onto each detector, and, without an AR coating, all of the I-MSMs had a measured responsivity of 0.38 A/W at 5 V. After the waveguide integration, to test the waveguide coupling, each Si substrate was cleaved to produce an endface on the polymer waveguide, and a single-mode optical fiber [core diameter 9 m, numerical aperture (NA) 0.13] was endface coupled to each polymer waveguide. Figs. 3(b) , 4(b), and 5(b) show the measured dark current before and after the polymer optical waveguide process, as well as the photocurrent due to the coupling from the waveguide to the I-MSM PD embedded in the waveguide. The measured dark current for all of the embedded PDs decreased slightly after the polymer waveguide integration process, as shown in Figs. 3(b) , 4(b), and 5(b), due to the use of the low temperature anneal coupled with the Pt-Ti-Pt-Au Schottky contact. The measured photocurrents at 5V for the three different coupling structures were 15.02 A [direct coupling shown in Fig. 3(b) ], 42.02 A [direct coupling shown in Fig. 4(b) ], and 0.80 A [evanescent field coupling shown in Fig. 5(b) ]. These experiments show that the optical Fig. 2(d) ; (b) measured dark current before and after waveguide integration and photocurrent from the embedded I-MSM PD shown in Fig. 3(a) . signal in the waveguide has been successfully coupled into the embedded photodetector. In Section V, the demonstrated coupling efficiency and a characterization of the coupling efficiency for these structures are explored theoretically.
The propagation loss of the integrated channel polymer waveguides was measured using the optical fiber scanning method [17] . The probing large core multimode fiber (core diameter 600 m, NA 0.37) measures the scattered optical signal from each channel waveguide. The probing optical fiber was set at the same height (within a centimeter) from the sample while 300 scanning points (using a Coherent motorized micropositioner) were measured perpendicular to the waveguide in 10 m increments. These 300 points constitute one scan line, and there were 300 scan lines measured, with each line separated by 10 m. The propagation loss per unit distance was calculated by the slope of the linear least square regression line of the average collected (scattered) optical power from each waveguide before the detector, as measured through the probing large core optical fiber. This measurement assumes uniform scattering along the fabricated optical channel waveguide. Using this method, the estimated propagation loss of the multimode BCB polymer channel waveguide was 0.36 dB/cm at a wavelength of 1.3 m. This estimate includes intrinsic material, structural, and other possible propagation loss sources of the polymer optical waveguide, which is consistent with other reported results for BCB waveguides [27] , [28] . For the Ultem/BCB channel waveguide shown in Fig. 5(a) , the propagation loss at m was measured using the fiber scanning method. The scanning condition for the perpendicular direction to waveguide beam propagation was 100 points with Fig. 2(e) ; (b) measured dark current before and after waveguide integration and photocurrent from the embedded I-MSM PD shown in Fig. 4(a) . 50 m increments in a scan line. This perpendicular scan line was repeated for a 1 cm length along the waveguide with 100 m line separations. Using this measurement, the estimated propagation loss for the Ultem/BCB channel waveguide was 1.34 dB/cm. To our knowledge, this is the first reported channel waveguide loss for Ultem/BCB at m. Planar slab waveguide measurements of Ultem at nm indicate a loss of 0.3 dB/cm [29] .
IV. DESIGN CONSIDERATIONS FOR EMBEDDED PHOTODETECTORS IN POLYMER WAVEGUIDES
Several theoretical analysis approaches have been suggested for photodetectors monolithically integrated with optical waveguides [30] - [32] . Although the integrated structured described herein in not monolithic, these methods are also applicable for modeling the thin-film PDs embedded in waveguides, as discussed herein. One of the most commonly used analysis methods for integrated waveguide/photodetector structures is the beam propagation method (BPM) [33] - [35] . However, there are some restrictions associated with the conventional BPM method when modeling high index contrast in the structure and reflected traveling beams. In the models presented herein, the high index contrast problem between the polymer optical waveguides and the embedded photodetectors and the possible reflections at the interfaces between the input waveguide regions and the embedded regions were addressed with wide angle and bidirectional BPM, using the same Fig. 2(f) ; (b) measured dark current before and after waveguide integration and photocurrent from the embedded I-MSM PD shown in Fig. 5(a) .
approach as other reports in the literature with similar issues [36] , [37] . In the thin-film photodetector/waveguide integration structure, the coupling efficiency as a function of integration structure is one of the important design issues for the optimized optical signal distribution in the interconnection system. In this calculation, the 2-D scalar finite difference beam propagation method (FD-BPM) from a commercial software package, Rsoft, was used. The detector length was fixed at 150 m and the real and imaginary parts of the refractive index [38] for InGaAs lattice matched to InP was used as the detector region.
In the direct coupling scheme, the photodetector was integrated into the core layer of the optical waveguides, as shown in Fig. 2(d) and (e) . Fig. 6(a) and (b) show the direct coupling efficiencies from the waveguide into the embedded MSM photodetector, which are schematically shown in Fig. 2(d) and (e), respectively, as a function of the total thickness of the BCB (core) layer at a m. In the calculation for Fig. 6(b) , the embedded photodetector is located on top of 1-m-thick BCB, above the top of the SiO (cladding) layer, which is based on the fabricated structure. As shown in Fig. 6(a) and (b) , the amount of optical power coupled into the embedded photodetector can be optimally selected by changing the location of the embedded photodetector in the waveguide.
In the evanescent field coupling scheme, the photodetector was integrated into the cladding layer of the optical waveguide, as shown in Fig. 2(f) . Fig. 6(c) and (d) show the calculated evanescent field coupling efficiencies for different thicknesses of the core layer [Ultem, Fig. 6(c) ] and cladding [BCB, Fig. 6(d) ], as schematically shown in Fig. 2(f) . In the evanescent field coupling case, a major factor that affects the coupling efficiency is the separation between the embedded PD and the core layer (i.e., the thickness of the BCB cladding layer between the PD and the Ultem core). For Fig. 6(c) , the thickness of the cladding layer between the PD and the Ultem core was fixed at 0.2 m (based upon the experimental sample). The coupling efficiency is inversely proportional to the thickness of the core layer. For Fig. 6(d) , the Ultem core layer was fixed at a 1 m thickness, and the BCB cladding thickness varied. Again, the coupling efficiency is inversely proportional to the cladding thickness. As this cladding thickness and the core layer thickness increase, the overlap area of the propagating optical mode distribution and embedded photodetector is decreased.
V. EMBEDDED STRUCTURE COUPLING EFFICIENCY THEORETICAL CHARACTERIZATION
The coupling from the waveguides to the PDs can be modeled and estimated, but it is difficult to precisely measure the coupling for the embedded PDs due to the difficulty in estimating the fiber to waveguide endface coupling efficiency. Using the BPM theory described in the previous section, the waveguide to I-MSM coupling efficiency was theoretically calculated, and now, a comparison of the theoretical coupling efficiency will be made to the coupling that is estimated from the measurement results. First, the single-mode fiber endface coupling into the fabricated waveguide structures was estimated using BPM. Then the measured propagation loss of the fabricated waveguide is taken into account to calculate the amount of optical power that is incident on the embedded detector. For example, the measured output from the single-mode optical fiber was 1.56 mW in the experimental measurement of the embedded photodetector sample shown in Fig. 3(a) . Using BPM, the estimated optical power from a single-mode input optical fiber with a 9-m-thick core to the 100-m-wide and 4.3-m BCB/3.0-m SiO waveguide was 193.13 W, which corresponds to 12.38% of the output power from the optical fiber. The optical signal travels 5 mm from the fiber input to the detector, which causes a loss of 0.18 dB from the measured propagation loss. Thus, the estimated optical power incident on the embedded detector in the waveguide is 185.29 W. To calculate the PD absorbed optical power, the photocurrent (15.02 A) from the embedded photodetector (when it is excited through coupling in the waveguide) is divided by the PD surface normal responsivity (0.38 A/W). Thus, 39.53 W of optical power was absorbed by the photodetector. So, the estimated coupling efficiency is the absorbed power divided by the incident power, which is 21.33%. This does not take into account the reflection and scattering loss at the waveguide/PD interface, which will increase the estimated coupling efficiency. The theoretical coupling efficiency from the 4.3-m BCB/3.0-m SiO waveguide into the 150-m-long embedded I-MSM PD was 33.78% using scalar BPM analysis. The calculated reflection and scattering loss at the waveguide/PD interface was 5.51% by the same analysis. This estimate included the following inputs: waveguide BCB index of refraction 1.53 at m (based upon the BCB vendor data for the deposition conditions used), SiO index of refraction 1.45 at m (based upon the PECVD data for the deposition conditions used), fiber core refractive index 1.5, diameter 9 m. The fiber optical excitation mode is assumed to be a fundamental fiber mode that matches the fiber core diameter. The experimentally estimated coupling efficiency was 9.39% for the evanescent field coupling structure shown in Fig. 5(a) (1.8 m Ultem waveguide with index of refraction 1.65 at m/1.2 m BCB), compared to a theoretical coupling efficiency of 19.80%. The calculated loss at the interface by reflection and scattering was 1.31% for Ultem/BCB structure. The difference between the theoretical and experimental estimated coupling efficiencies may be affected by several factors. The dominant factor that may affect the estimates of the coupling efficiency is the uncertainty and nonuniformity of the waveguides in the region of the embedded photodetector. As illustrated in Fig. 6 , small changes in the waveguide thickness can cause large changes in the coupling efficiency.
Although this estimate of the measured coupling efficiency is very rough, it does indicate that sufficient coupling can be achieved to create a viable interconnect. One of the attractive aspects of this integration technology is that the coupling can be intentionally varied through structural design so that the majority of the optical signal can be detected, or a fraction of the signal can be detected, thus enabling subsequent PDs in an array format to be addressed further along the optical path on the same waveguide for spatial-division multiplexing.
VI. CONCLUSION
As aggregate system data rates rise, significant opportunities are emerging for optical interconnections at the board, module, and chip level if compact, low loss, high data rate optical interconnections can be integrated into electrical interconnection systems. There are numerous approaches to the integration of optical interconnections into electrical systems. This paper describes an embedded integration process for creating optical interconnections which can be integrated in a postprocessing format onto standard boards (including polymer and epoxy), modules, and integrated circuits, and shows that the coupling efficiency can be adjusted as designed by changing the integration structures. These optical interconnections utilize active thin-film optoelectronic components embedded in the waveguide/interconnection substrate, thus providing an electrical output to the user from an embedded optical interconnection. These embedded optical interconnections are reported herein using BCB polymer optical waveguides in two different formats, as well as a third waveguide structure using a BCB cladding with an Ultem core. All of these waveguides were fabricated with InGaAs-based thin-film I-MSM photodetectors embedded in the waveguide layer, thus eliminating the need for beam turning elements at the output of the waveguide. These embedded interconnections have been fabricated and tested, and the measured results used to estimate the coupling of the optical signals from the waveguides to the embedded photodetectors. These measurement-based estimates are then compared to theoretical models of the coupling efficiency. Using the theoretical coupling efficiency model, variable coupling can be engineered into the interconnect design, thus enabling partial coupling for arrays of photodetectors embedded in waveguide interconnections.
Using the heterogeneous integration techniques described herein, it is possible to fabricate both directly coupled and evanescently coupled structures using embedded PDs. The coupling efficiency of these structures is variable through the design of the embedded PD in the waveguide, and an analysis of the tradeoffs between direct and evanescent coupling for a fixed PD has been presented herein. One limitation on the coupling efficiency is the back reflection of the guided optical beam at the PD, which is inversely proportional to the overlap area between the guided optical signal in the optical waveguide and the embedded PD. The integration structures with an embedded PD located in the waveguide cladding layer, as shown in Fig. 2 (f) and (g), which are evanescently coupled, offer higher coupling efficiency compared to the direct coupled structures, as shown in Fig. 2(d) and (e), for a given size of embedded PD. Thus, the reduction in back reflection is an advantage for the evanescently coupled structure. However, as the speed of the interconnection rises, the directly coupled structures may provide superior performance compared to evanescently coupled structures for two reasons. First, the incident optical signal overlap the highest electric field region in the PD if it is directly coupled, therefore generating carriers in the PD which will have a higher carrier velocity than the evanescently coupled structure. Second, as the speed of the interconnect rises, the size of the PD will shrink, thus reducing the optical interaction length, thus limiting the coupling efficiency. Since the optical power distribution of the guided mode overlap with the PD for the direct coupled structure is larger than that of the evanescently coupled structure, the direct coupled structure may provide an overall larger coupling efficiency for a very short PD. Thus, there is promise for the inclusion of high performance, high complexity optical interconnections with standard electrical signals at the board, module, and integrated circuit level.
